Compelling evidence from epidemiological studies suggests beneficial roles of dietary phytochemicals in protecting against chronic disorders such as cancer, and inflammatory and cardiovascular diseases. Emerging findings suggest that several dietary phytochemicals also benefit the nervous system and, when consumed regularly, may reduce the risk of disorders such as Alzheimer's and Parkinson's diseases. The evidence supporting health benefits of vegetables and fruits provide a rationale for identification of the specific phytochemicals responsible, and for investigation of their molecular and cellular mechanisms of action. One general mechanism of action of phytochemicals that is emerging from recent studies is that they activate adaptive cellular stress response pathways. From an evolutionary perspective, the noxious properties of such phytochemicals play an important role in dissuading insects and other pests from eating the plants. However at the subtoxic doses ingested by humans that consume the plants, the phytochemicals induce mild cellular stress responses. This phenomenon has been widely observed in biology and medicine, and has been described as 'preconditioning' or 'hormesis.' Hormetic pathways activated by phytochemicals may involve kinases and transcription factors that induce the expression of genes that encode antioxidant enzymes, protein chaperones, phase-2 enzymes, neurotrophic factors, and other cytoprotective proteins. Specific examples of such pathways include the sirtuin-FOXO pathway, the NF-jB pathway, and the Nrf-2/ARE pathway. In this article, we describe the hormesis hypothesis of phytochemical actions with a focus on the Nrf2/ARE signaling pathway as a prototypical example of a neuroprotective mechanism of action of specific dietary phytochemicals.
Introduction
Phytochemicals serve numerous functions in plants and contribute to their color, flavor, smell, and texture. Increasing data suggest associations between the type of food people eat, their health, and their life expectancy; the consumption of vegetables and fruits may protect against cancers, cardiovascular disease, and neurodegenerative disorders (Heber 2004) . Phytochemicals include compounds with various biological properties (i.e., antioxidant, antiproliferative, DNA repair) which have presumably evolved, in part, to allow plants to cope with environmental challenges including exposure to radiation and toxins, and defense against pests and infectious agents (Tuteja et al. 2001; Huffman 2003) . Chemicals that are concentrated in the skin of fruits and the growing buds of vegetables include those that function as natural pesticides and, indeed, identification and large-scale production of such ''biopesticides'' has received much attention from both basic science and commercialization perspectives (Ames et al. 1990; Isman 2006) . These chemicals may be produced by the plants themselves or by endophytes (symbiotic bacteria or fungi) that live in the plants (Sudakin 2003) .
The term hormesis has long been used to describe the phenomenon where a specific chemical is able to induce biologically opposite effects at different doses; most commonly there is a stimulatory or beneficial effect at low doses and an inhibitory or toxic effect at high doses ). In the case of natural compounds an example of hormesis is vitamin A which in relatively low amounts is essential for normal development and eye function, but in high amounts can cause anorexia, headaches, drowsiness, altered mental states, and other symptoms (Bendich and Langseth 1989; Hathcock et al. 1990) . In the present article, we describe evidence supporting a major role for hormesis as a mechanism of action of phytochemicals on cells and organisms, with a focus on the health-promoting and neuroprotective actions of phytochemicals.
The Concept and Features of Hormesis
The term hormesis is commonly used by toxicologists to describe biphasic dose-response curve such that a chemical has a stimulatory effect at low doses, but toxic at high doses ( Fig. 1) . Recently, the concept of hormesis has been adopted in the fields of biology and medicine to portray the adaptive response of cells and organisms to moderate stress (Mattson 2008) . In other words, a mild stress induces the activation of signaling pathways, leading to intrinsic changes conferring resistance to a more severe stress (Fig. 1) . Typically, the stress-inducing agent elicits molecular responses that not only protect the cell against higher doses of the same agent, but also against other agents or even less specific stressors including oxidative, metabolic, and thermal stress. Major components of the hormetic response include various stress resistance proteins such as heat-shock proteins, antioxidants, and growth factors (Mattson and Cheng 2006; Mattson 2008) . Classical examples of hormetic stress are exercise and calorie restriction (CR). Epidemiological studies have consistently demonstrated that moderate levels of exercise and CR promote good health, whereas excessive levels are harmful (Fontana and Klein 2007; Radak et al. 2008 ). As mentioned above, the need to protect themselves against bacteria, fungi, viruses, and hazardous environmental changes has lead plants to concentrate defensive chemicals in their most vulnerable parts (i.e., leaves, flowers, and roots). Like moderate exercise or CR, many of these 'poisons' also exhibit hormetic properties, being harmful at high doses yet beneficial at relevantly low doses.
We are of the opinion that the amounts of cell stressinducing phytochemicals in the varieties of fruits and vegetable normally consumed by humans fall within the subtoxic stimulatory dose range of concentrations. However, it is well known that some plants and fungi produce and concentrate toxins in amounts sufficient to cause sickness or death in humans (Schwarting 1963; Berger and Guss 2005) . It is also clear that consumption of phytochemicals in the form of concentrated supplements has the potential for adverse health consequences if the doses consumed exceed the toxic threshold. It is therefore imperative that each individual phytochemical is extensively evaluated, including detailed dose-response studies, for its safety and effectiveness in regard to disease prevention. Meta-analyses performed by Calabrese and others have provided valuable information regarding dose-response effects of a range of natural and synthetic chemicals, as well as endogenous signaling molecules (for example, nitric oxide, adenosine, opioids, adrenergic agent, prostaglandins, estrogens, androgens, 5-hydroxytryptamine, and dopamine) (Cook and Calabrese 2007; Hayes 2007) .
Examples of Hormetic Dietary Phytochemicals
There has been considerable public and scientific interest in the use of dietary components to prevent or treat human
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Deficiency Toxicity Chalcone, an a,b-unsaturated aromatic ketone present in Angelica keiskei Koidzumi, a plant traditionally used in Japanese's cuisine (Akihisa et al. 2003) , and its derivatives allegedly possess antibacterial, anti-fungal, anti-tumor, and anti-inflammatory activities (Alcaraz et al. 2004; Ban et al. 2004) . Some of the mechanisms underlying chalcone properties are only now being discovered. For example, the anti-inflammatory effects of chalcones rely on their ability to regulate nitric oxide (NO) and cytokine production in macrophages (Alcaraz et al. 2004; Ban et al. 2004) , as well as to prevent tumor necrosis factor-a (TNF-a) and lipopolysaccharide (LPS)-induced neutrophil adhesion (Madan et al. 2000) . In addition, it has also been shown that chalcone suppresses the activity of cycloxygenase-2 and 5-lipoxygenase (Araico et al. 2006) . In experimental models, chalcone administration inhibits chemically induced pulmonary and mammary carcinogenesis (Wattenberg et al. 1994) . Chalcone derivatives show anti-tumor activity in vitro (Ye et al. 2004 (Ye et al. , 2005 . Nishimura et al. (2007) reported that two chalcone derivatives, isobavachalcone and xanthoangelol H, exhibit high cytotoxicity against neuroblastoma cell lines IMR-32 and NB-39 by activating a pathway involving caspases 9 and 3. However, neither compound had a detrimental effect on normal cerebellar granule cells at the same concentrations tested, thus offering the possibility to use this natural compound as an efficacious and safe potential treatment against neuroblastoma.
Ferulic acid (FA) is a phytochemical commonly found in fruits and vegetables such as tomatoes, sweet corn, and rice (Srinivasan et al. 2007) . FA is a phenolic compound with three distinctive structural motifs that can possibly contribute to its free radical scavenging capability (Srinivasan et al. 2007 ). It has been reported that FA decreases the levels of inflammatory mediators (prostaglandin E2 and TNF-a; Ou et al. 2003) , and nitric oxide synthase (iNOS) expression and function (Tetsuka et al. 1996) . In addition, hydrophobic ester derivatives of FA seem to have enhanced inhibitory activity on iNOS protein expression in LPS/interferon-c (IFN-c)-activated RAW264.7 cells (Murakami et al. 2002) . These findings suggest that FA and its esters might be potential anti-inflammatory drugs. Studies have shown that FA exhibits anti-carcinogenic effects against azoxymethan-induced colon carcinogenesis in F344 rats (Kawabata et al. 2000) . It has also been reported to depress 12-O-tetradecanoylphorbol-13-acetate (TPA)-promotion of skin tumorigenesis (Asanoma et al. 1993) . Recently, Sultana et al. (2005) showed that 10-50 lM of FA significantly protects against amyloid beta-peptide (Ab) toxicity by modulating oxidative stress and by inducing the expression of protecting proteins in hippocampal cultures. In vivo, long-term administration of FA effectively protects against Ab (1-42) toxicity by inhibiting microglial activation (Kim et al. 2004) .
The consumption of green tea has recently attracted much attention in the occidental culture because of its possible health benefits. The polyphenolic compounds found in green tea include epigallocatechin-3-gallate (EGCG), epicatechin-3-gallate (ECG), epigallocatechin (EGC), and epicatechin (EC), and their intake has been associated with reduced risk of coronary artery disease (Miura et al. 2001) . EGCG is the most abundant and active catechin derivative, and has been shown to possess both anti-inflammatory and anti-atherogenic properties in experimental studies conducted in vitro and in vivo (Hayek et al. 1997; Tedeschi et al. 2002) . A recent study reports that EGCG up-regulates hemeoxygenase-1 (HO-1) expression by activation of the NF-E2-related factor 2 (Nrf2)/antioxidant response element (ARE) pathway in endothelial cell, conferring resistance against H 2 O 2 -induced cell death (Wu et al. 2006) , suggesting a hormetic mechanism of action.
Luteolin (3 0 ,4 0 ,5 0 ,7 0 -tetrahydroxyflavone) is a widespread flavonoid aglycon structurally related to quercetin. Topical application of luteolin causes significant reduction of skin tumor incidence and multiplicity in a mouse skin cancer model (Ueda et al. 2003) . In cell culture studies, luteolin has been shown to be a potent inhibitor of cyclindependent kinases, to induce cell cycle arrest in human melanoma cells and apoptotic cell death in human myeloid leukemia cells (Huang et al. 1999; Ko et al. 2002) . Luteolin also sensitizes cancer cell lines to TNFa-dependent apoptosis by inhibiting the NF-jB pathway (Shi et al. 2004 ). In addition to the anticancer properties, luteolin has also shown to protect neuronal cell lines against H 2 O 2 -induced oxidative damage (Dajas et al. 2003) as well as N-methyl-4-phenyl-pyridinium (MPP+)-induced toxicity (Wruck et al. 2007) . In the MPP+ model the ERK-dependent Nrf2 activation is necessary for the beneficial effect of luteolin (Wruck et al. 2007) .
Phenethyl isothiocyanate (PEITC) occurs naturally in cruciferous vegetables such as Chinese cabbage, turnips, rutabagas, watercress, and radishes (Tookey et al. 1980; Carlson et al. 1981; Sones et al. 1984) . PEITC is liberated from its glucosinolate precursor gluconasturtiin by hydrolysis following disruption of the plant tissue and liberation of the plant enzyme myrosinase (Tookey et al. 1980) . PEITC has been shown to inhibit the tumorigenic effects of various carcinogens. Induction of mammary tumors by 7,12-dimethylbenz[a]anthracene in Sprague-Dawley rats is inhibited by pretreatment with PEITC (Wattenberg 1977) . Dietary PEITC inhibits stomach and pulmonary adenomas induced by 7,12-dimethylbenz[a]anthracene in ICR/Ha mice (Wattenberg 1977) . Pretreatment with PEITC inhibits lung tumors induced by the tobacco-specific nitrosamine 4-(methylnitrosamino)-l-(3-pyridyl)-1-butanone (NNK) in F344 rats and in A/J mice (Morse et al. 1989a, b) . It is well documented that in rodents aryl isothiocyanates exert chemopreventive effects against lung (Morse et al. 1989a; Jiao et al. 1994; Nishikawa et al. 1996) , esophagus (Morse et al. 1993; Stoner et al. 1998) , mammary (Wattenberg 1992) , and stomach (Wattenberg 1992) carcinogenesis. PEITC significantly inhibits pancreatic carcinogenesis in hamsters (Nishikawa et al. 1996) . It has also been reported that synthetic analogs of PEITC with longer and modified alkyl chains [e.g., 3-phenylpropyl isothiocyanate (PPITC) and 4-phenylbutyl isothiocyanate (PBITC)] have increased ability to reduce DNA alkylation, and tumor inhibition efficacy than PEITC (Morse et al. 1989a; Jiao et al. 1994; Nishikawa et al. 1996; Son et al. 2000) .
Piceatannol (trans-3,4,3 0 ,5 0 -tetrahydroxystilbene) isolated from the seeds of Euphorbia lagascae, is a structural homolog of resveratrol (Ferrigni et al. 1984) . Piceatannol (PIC) is an anti-inflammatory, immunomodulatory, and anti-proliferative compound. PIC treatment attenuates the intracellular accumulation of ROS induced by treatment of PC12 cells with Ab, and inhibits Ab-induced apoptosis ). The protective effect afforded by PIC is reportedly stronger than the effect of resveratrol ). It has also been reported that PIC inhibits the release of NO, PGE2, and pro-inflammatory cytokines in a dosedependent manner (Jin et al. 2006) .
Neuroprotective Actions of Phytochemicals in Experimental Models
Extracts of various fruits and vegetables exhibit neuroprotective properties in cell culture and animal models that are relevant to the pathogenesis of many different neurodegenerative conditions including stroke, and Alzheimer's and Parkinson's diseases (Joseph et al. 2005; Mattson and Cheng 2006) . Supplementation of the diet of 19-month-old rats with strawberry, blueberry, or spinach extracts for 8 weeks resulted in the reversal of age-related deficits in several neuronal and behavioral parameters including: oxotremorine enhancement of K + -evoked release of dopamine from striatal slices, carbachol-stimulated GTPase activity, calcium buffering in striatal synaptosomes, motor behavioral performance, and Morris water maze performance (Joseph et al. 1999) . Blueberry supplementation prevented learning and memory deficits in a mouse model of Alzheimer's disease (Joseph et al. 2003 ). In addition, dietary supplementation with blueberry extract increased the survival of dopamine-producing neurons in a model relevant to Parkinson's disease therapy (McGuire et al. 2006) . Interestingly, blueberry extract increased thermal stress resistance and increased lifespan in the nematode C. elegans (Wilson et al. 2006) , suggesting evolutionary conservation of phytochemical hormetic response pathways.
Green tea contains chemicals capable of activating adaptive cellular stress responses and to protect neurons against a range of oxidative and metabolic insults. Examples of neuroprotective effects of chemicals in green tea include: protection of dopaminergic neurons from damage induced by 6-hydroxydopamine in a rat model of Parkinson's disease (Guo et al. 2007 ); protection of retinal neurons against ischemia-reperfusion injury ); reduction of mutant huntingtin misfolding and neurotoxicity in Huntington's disease models (Ehrnhoefer et al. 2006) ; direct protection of neurons against Ab toxicity (Bastianetto et al. 2006) ; and protection against Abinduced cognitive impairment in a rat model relevant to Alzheimer's disease (Haque et al. 2008 ). The neuroprotective phytochemicals in green tea include catechins and epicatechins that can induce the production of cytoprotective proteins (Mandel et al. 2005) .
Several beneficial effects of curcumin for the nervous system have been reported. In an animal model of stroke, curcumin treatment protected neurons against ischemic cell death and ameliorated behavioral deficits (Wang et al. 2005) . In a rat model of Parkinson's disease, curcumin protected dopaminergic neurons against 6-hydroxydopamine toxicity (Zbarsky et al. 2005) . A hormetic mechanism of action of curcumin is suggested from studies showing that levels of expression of the stress response protein HO-1 were increased in cultured hippocampal neurons treated with curcumin (Scapagnini et al. 2006) . Moreover, curcumin has been shown to reverse chronic stress-induced impairment of hippocampal neurogenesis and increase expression of brain-derived neurotrophic factor (BDNF) in an animal model of depression (Xu et al. 2007) .
Sulforaphane is a phytochemical present in high amounts in broccoli sprouts and cruciferous vegetables. It is known to activate the Nrf2-ARE stress response pathway in a variety of cells including neurons (see next section). Sulforaphane has been reported to protect cultured neurons against oxidative stress (Kraft et al. 2004 ) and dopaminergic neurons against mitochondrial toxins (Han et al. 2007 ). Administration of sulforaphane to mice can protect photoreceptors against degeneration in a retinal degeneration model . Sulforaphane induced the expression of phase II enzymes and protected neurons against death in a Drosophila model of Parkinson's disease (Trinh et al. 2008) .
Many of the phytochemicals that can kill tumor cells (see previous section) have been shown to have neuroprotective actions at lower doses. For example, a chalcone (safflor yellow B) can protect neurons against ischemic brain injury (Wang et al. 2007 ) and piceatannol can protect cultured neurons against Ab-induced death . Neuroprotective effects of resveratrol have been reported by several different laboratories. It protected cultured PC12 neural cells against Ab toxicity (Jang and Surh 2003) and dopaminergic neurons in midbrain slice cultures against several different insults (Okawara et al. 2007) . Resveratrol also protected hippocampal neurons against nitric oxide-mediated death (Bastianetto et al. 2000) , prevented axon degeneration (Araki et al. 2004) , and protected nematode and mammalian neurons against mutant polyglutamine toxicity (Parker et al. 2005 ).
Nrf2/ARE as a Prototypical Hormetic Signaling Pathway
The mechanisms underlying the beneficial health effects of dietary phytochemicals have only recently begun to be understood. Although further research is clearly needed to expand our understanding, the involvement of specific cellular signaling pathways in the biological actions of phytochemicals is becoming increasingly obvious. Herbivorous and omnivorous animals, for which plants are a primary source of nutrients, have evolved complex mechanisms to neutralize the potentially harmful effects of phytochemicals (Fig. 2) . One of the most important defensive signaling pathways in animals is the Nrf2/ARE pathway. Nrf2 regulates the expression of phase II detoxifying enzymes and antioxidants in response to noxious stimuli. Based on a body of emerging evidence it seems that in many cases the beneficial effects of subtoxic doses of phytochemicals rely on their ability to activate the Nrf2/ ARE pathway. Several upstream signaling cascades such as p38, protein kinase C (PKC), extracellular signal-regulated protein kinase (ERK), c-jun N-terminal kinase (JNK), and phosphatidylinositol-3-kinase (PI3K) may either individually, or in a combined manner, activate Nrf2. Suppression of the inhibitory action of Keap1 on Nrf2, and inhibition of the proteasomal degradation of Nrf2 are additional mechanisms by which naturally occurring dietary agents may enhance the levels of Nrf2 activity (Fig. 3) .
Sulforaphane (SFN) and PEITC, both major components of cruciferous vegetables, have been shown to be potent inducers of ARE-driven phase II gene expression (Hu et al. 2006a; Juge et al. 2007) . PEITC induction of ARE-driven HO-1 expression in human prostate cancer requires JNK activation . At non-toxic concentrations, curcumin induces heme-oxygenase 1 (HO-1) expression by activating the Nrf2/ARE pathway both in vitro (Pae et al. 2007 ) and in vivo (Farombi et al. 2008 ). SFN and tertbutylhydroquinone (tBHQ) stimulate the MEK-ERK2 pathway in human hepatoma (HepG2) and murine hepatoma (Hepa1c1c7) cells (Yu et al. 1999a) . Indeed, incubation with a pharmacological inhibitor of ERK or co-transfection with a dominant negative mutant ERK2 abrogates SFN-and tBHQinduced quinine reductase activity (Yu et al. 1999a PHYTOCHEMICALS N Nr rf f2 2/ / A AR RE E p pa at th hw wa ay y Fig. 2 Detoxification pathways. Potentially noxious chemicals ingested with food undergo enzymatic metabolism in a coordinated process involving phase I, II, and III enzymes; metabolites are then excreted from the body. Some such phytochemicals induce the expression of phase II enzymes via the Nrf2/ARE pathway (GST), and gamma-glutamylcysteine synthetase (GCS), are found to be highly induced in wild type animals following phytochemical administration, but are unchanged in Nrf2 null mice (McWalter et al. 2004; Hu et al. 2006a Hu et al. , 2006b ). SFN can act at different levels of the Nrf2 pathway. Indeed SFN suppresses Nrf2 proteosomal degradation leading to a prolonged half life and transcriptional activity (Jeong et al. 2005 ). In addition, SFN has also been shown to directly covalently bind the thiol groups or the inhibitor Keap1 thus causing the release of Nrf2 and its subsequent nuclear relocalization (Dinkova-Kostova et al. 2002) . In a similar way electrophilic phytochemicals may originate thiyl radicals resulting in Nrf2 activation and the induction of phase II detoxifying enzyme expression (Foresti et al. 2005; Wu et al. 2006 ). An example is chalcone, it possesses a highly electrophilic a,b-unsaturated carbonyl moiety, which is necessary for Nrf2 activation and the induction of phase II detoxifying enzyme expression (Foresti et al. 2005; Wu et al. 2006) . Recently, it has been shown that this moiety is also responsible for chalcone's ability to inhibit NF-jB .
Green tea components such as epigallocatechin gallate (EGCG), flavonoids such as kaempferol and genistein, tBHQ and curcumin exemplify another major category of phytochemical agents that can activate the Nrf2 pathwaypolyphenols. By comparing the global gene expression profile between wild type and Nrf2 mutant mice it has become clear that these compounds, and part of their protective mechanisms, depend upon their ability to activate phase II detoxifying enzymes via Nrf2 (Shen et al. 2005 Nair et al. 2006) . Although the end point is similar, the mechanism leading to Nrf2 activation can be different (Nair et al. 2007) . Flavonoids have been shown to induce the expression of NQO1 and GST via Nrf2, possibly involving upstream PKC modulation (Lee-Hilz et al. 2006) . EGCG up-regulates levels of HO-1 in endothelial cells acting on PI3K and ERK2 signaling cascades (Wu et al. 2006) . Modulation of MAPKs by the flavonoid polyphenols kaempferol and genistein in PC3 cells has been shown (Gopalakrishnan et al. 2006; Gopalakrishnan and Tony Kong 2008) .
Curcumin (diferuloyl methane) is the principal active component of the spice turmeric and is obtained from the rhizome of Curcuma longa. Curcumin has been reported to activate the expression of several intracellular defense systems both in vitro and in vivo. Curcumin supplementation in mice results in increased expression of the detoxification enzymes glutathione-S-transferases, glutathione reductase, epoxide hydrolase, HO-1, catalase and NQO1 in liver, small intestine, and kidney tissues . In vitro, curcumin has been shown to activate NQO1 and HO-1 in numerous cell types. In human monocytes, curcumin-induced ARE-driven HO-1 and NQO1 expression requires PKC activation (Rushworth et al. 2006) . Inactivation of the Nrf2-KEAP1 complex, resulting in increased nuclear localization of Nrf2, has also been implicated in curcumin-and caffeic acid phenylethyl ester (CAPE)-induced HO-1 expression via the MAPK pathway (Jeong et al. 2005) . Diallyl sulfides (DAs) such as diallyl sulfide (DAS), diallyl disulfide (DADS), and diallyl trisulfide (DATS) are active principles in garlic and onions. They are lipophilic thioesters derived from oxidized allicin, which is produced when garlic cloves are crushed. DAs has been shown to be protective against numerous chemically induced cancers and are potent inducers of phase II detoxifying enzymes (Gong et al. 2004) . Extensive research from several groups has demonstrated that these diallyl sulfides can induce NQO1 and HO-1 in an Nrf2/ ARE-dependent fashion. These agents stimulate Nrf2 expression and its nuclear translocation, and this effect can be abated by MAPK inhibitors (Chen et al. 2004) . In addition to the examples reported above, numerous other phytochemicals such as indole-3-carbinol, coffee diterpenes such as cafestol, and sesquiterpenes such as parthenolide have been shown to induce Nrf2-mediated ARE-driven gene expression (Cavin et al. 2002; Aggarwal and Ichikawa 2005; Jeong et al. 2005) .
Two additional pathways that are known to play important roles in neuronal stress adaptation are those involving the NF-jB and FOXO transcription factors (Brunet et al. 2004; van der Horst and Burgering 2007; Mattson and Meffert 2006; Camandola and Mattson 2007 Fig. 3 Model of activation of Nrf2-mediated ARE pathway by phytochemicals. Phytochemicals may act directly on the Nrf2-Keap1 complex, or alternatively on upstream kinases such as PI3K, p38, ERK, PKC, JNK, causing the release of Nrf2 from the inhibitory complex. Additionally, certain phytochemicals may act at the level of the proteasome to inhibit proteolytic degradation of Nrf2 and prolong its half-life. Activated Nrf2 translocates into the nucleus where it interacts with small MAF family proteins bound to the ARE, allowing transcription of target genes including those including antioxidant and phase II enzymes Recent findings suggest that the latter two pathways mediate neuroprotective actions of at least some phytochemicals. Activation of NF-jB typically up-regulates the expression of pro-survival genes such as Bcl-2 and manganese superoxide dismutase. In cancer cells and some immune cells, curcumin, sulforaphane, and tea polyphenols inhibit NF-jB and may thereby trigger apoptosis (Park and Dong 2003; Katula et al. 2005; Jagetia and Aggarwal 2007) . However, in neurons activation of NF-jB can prevent cell death induced by a range of insults including exposure to excitotoxins and oxidative stress (Mattson et al. 1997; Yu et al. 1999b) . FOXO transcription factors can be activated by resveratrol resulting in the up-regulation of genes involved in energy metabolism and antioxidant pathways (Frescas et al. 2005; Robb et al. 2008) . Much further work will be required to establish if and how neuroprotective actions of various phytochemicals involve NF-jB, FOXO, and other transcription factors.
Conclusions
A better understanding of the cellular effects exerted by dietary phytochemicals is vital to properly utilize such compounds as promising agents that promote health and prevent or support conventional therapy for diseases. From the results collected to date, some clear trends are emerging. Although some phytochemicals possess direct free radical-scavenging properties at high concentrations, in lower amounts typical of those obtained in the diet, phytochemicals may activate one or more adaptive cellular stress responses pathways. Activation of such hormetic pathways in neurons results in the production of several types of cytoprotective proteins including neurotrophic factors, protein chaperones, antioxidant and phase II enzymes and anti-apoptotic proteins. One specific pathway that is receiving considerable attention in regard to hormesis in the nervous system involves the transcription factor Nrf2 which binds the ARE, thereby inducing the expression of genes encoding phase II detoxifying enzymes. Preclinical and clinical studies of the therapeutic potential of phytochemicals that activate the Nrf2/ARE pathway (curcumin, for example) in several different neurodegenerative disorders are in progress. Other hormetic pathways involved in neuronal stress resistance and plasticity include those that activate FOXO and NF-jB transcription factors. Using neurohormetic phytochemicals as base compounds for medicinal chemistry (Ohori et al. 2006; Milne et al. 2007 ) will likely result in the development of a range of drugs that enhance neuroplasticity and protect against synaptic dysfunction and neurodegeneration.
